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EFFECTS OF ALPHA PARTICLES RANDOMLY INDUCED I N  THE BRAIN IN THE 

??ZwTRnN-CI_ApTI_TcIF! TREATMENT OF INTRACRAI?IAL NEOPLASMS 

- 
The increasing development of man's capabi l i ty  t o  explore outer 

space has heightened in t e re s t  i n  the effects  of primary par t ic les ,  such 

as neutrons, protons, alpha par t ic les  and mesons, par t icu lar ly  when they 

penetrate the brain. With t h i s  problem i n  mind, neutron-capture therapy 

has been fur ther  evaluated i n  order t o  determine whether normal con- 

s t i t uen t s  of the brain a re  affected by alpha pa r t i c l e  and energetic 

li-t;hium atoms generated by the reaction used. 

en t i r e  brain i n  20 pat ients  with intracranial  tumor was exposed t o  thermal 

I n  t h i s  procedure, the 

neutrons and t o  randomly generated alpha pa r t i c l e s  and energetic lithium 

atoms produced by the boron'': :thermal neutron reaction. I n  all 20 

patients,  cogventional therapeutic effor ts  had been exhausted before 

neutron therapy was  begun. 

reported, 

, Ccl r)bb& 

'i 
Clinical data on 8 of the cases have been 

and an account of the c l in ica l  features  i n  the remaining i-2 

cases together with the r e su l t s  of several treatment f'unctional t e s t s  i s  

now i n  progress. 
2 

I n  a previous a r t i c l e  our preliminary conclusions as t o  the e f fec ts  

of thermal neutrons on the brain were s e t  for th .  The present report i s  

concerned with the resu l t s  of 8 cytological study of par t s  of the brain 

most heavily exposed during the neutron-capture procedure. 

of the Boron - 
reported elsewhere. 

Observations 

10 ./- 
*u thermal-neutron procedure on the neoplasm are  being 

3 

PROCEDURES 

Neutron-capture therapy i s  a procedure by which, under cer ta in  

.. 
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conditions i r ,  zxperimental animals, cytocidal e f fec ts  can be produced 

i n  t h i s  case Boron'', which has a thermal-neutron cross-section capture 
. ir 

of 3840 barns. Naturally occurring @oron i s  composed of about 80% 
10 BoronU. and 20$ Boron . To m a k e  the inorganic salts which we employed, 

an enriched Boron" composed of over 96$ Boron'' and l e s s  than 4$ 

Boronu was  used. 

Oak Ridge, Tennessee. 

neutrons because it has a very smal l  capture cross section - 4.5 

This was obtained from the  Atomic Energy Commission, 

Boronu does not readi ly  in te rac t  with thermal 

millibarns - and the action resu l t s  i n  no par t icu la te  emission, only 

i n  a gamma-ray emission. 

The effectiveness of neutron-capture therapy, a s  shown i n  experi- 

mentation i n  several animal species, depends i n  pr inciple  upon prompt 

re lease of a large quantity of energy within a volume equal t o  tha t  of a 

s ingle  r e u ;  m-is e~ergy  r e l e ~ s e  r e s l a t s  f r a ~  & ~ q t  Bercn 10 aisintegra- 

t i on  i n t o  an alpha pa r t i c l e  and an energetic Lithium7 atom following 

capture of a thermal neutron by the Boron'' nucleus. In  t issue,  the 

combined pathway of the alpha par t ic le  and the energetic lithium atom 

gzzE estimated t o  be about 10 microns, which, fo r  neurons, we have taken 
/+ 

t o  be of the order of one-half t o  one c e l l  diameter. 

conditions the energy of a thermal neutron is,by definition, 0.125 electron 

Under our operating 

volts,  while the Boron'' transformation in to  an energetic Lithium 7 atom 

and an alpha pa r t i c l e  r e su l t s  i n  a release of 2.345 MeV of energy.' When 

t h i s  energy value i s  used, the measurable, but not t i s sue  significant,  gamma 

contribution, which i s  produced i n  935 of the events, i s  not included. 

For t o t a l  energy release the g k  contribution must be calculated separately I 
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and added. The t o t a l  energy absorbed from t h i s  reaction can be calculated 

on tne basis  of neutron I"iwc, d e n s i i y ,  i e r i K t i l  of e x ~ o s u e  time a d  the 

)!foron concentration i n  the t issue.  
.k5 

The short pathway i n  t i s sue  limits the 

.@ffecta  of the reaction essen.t;iaUy t o  the c e l l  In which a reactlon 

originates.  Consequently, and i n  contrast with gamma effects ,  his tological  

appraisal  i s  of great value when the s i t e  of the reaction i s  ver i f ied and 

when specif ic  ce l l s  a r e  observed f o r  the sequelae of the reaction. 

f a c t  t ha t  the  

a t  markedly differ ing in t ens i t i e s  both a t  depth and la te ra l ly ,  provides 

The 

rmal-neutron cloud passes through the en t i re  brain but $ 
i n t e rna l  control checks fo r  effects  that  may be observed. 

& 
After intravenous inject ion of an inorganic Iforon salt (we have used 

sodium tetraborate and sodium pentaborate) the ta rge t  atom Boron'' i s  

disseminated r ap id lyby  the  circulatory system t o  a l l  c e l l  species. 

occurs p r io r  t o  theraa,l-neutron exposure. The Boron sodium salts used 

This 
10 

e q u i l i b r i e  would exhibit uniform concentration i n  body water. The r a t e  

a t  which t h i s  hypothetical equilibrium may be attained var ies  f o r  different  

. .  t issues ,  but  it i s  quite rapid, a matter of a very few minutes at most. 

Under conditions of thermal-neutron exposure i n  the study reported herein, 

the  concentration of Boron 

.r.. 

10 
i n  the various types of normal ce l l s  was,  

within a few minutes, suff ic ient  t o  permit generation of, what experience 

has shown t o  be, a s ignif icant  number of alpha par t ic les  during the sub- 

'\ 
11 N 

*Hypothetical equilibrium because, due t o  s ignif icant  renal  excretion a 
I 

steady s t a t e  system cannot occur w i t h  a single dose. 
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sequent transit of the thermal neutron cloud. A s  compared with normal 

esxYiA.tuents of tissue (0.352 t;arr;s f o r  x, 1.75 t;ariis f o r  1; f o r  the (11,p) 

reaction), the very high thermal-neutron cross-section capture area of 

Boron 10 (38b barne) results in approximately 90s of the released encrGy 

of all capture reactions being derived from the Boron'' reaction when' 

Boron'' has a concentration of only 20 milligrams per k i lograa  of body 

weight. None of the t i s sue  component reactions r e su l t s  i n  alpha pa r t i c l e  

generation, although nitrogen releases a proton with 0.624 MeV energy 

following thermal neutron capture. 

emitting a gamma ray of 10.8 MeV energy. 

Nitrogen a l so  has an n, gamma reaction, 

For t h i s  gama, the absorbed 

dose emission w i l l  be of no significance i n  the present context. 

gamma. radiation accruing from all activation i s  almost en t i re ly  of very 

high energy and therefore does not resul t  i n  a significant contribution 

The t o t a l  

t o  the absorbed dose i n  the -volume within the sku l l  cavity. 

I n  the 20 pat ients  with wbnm ve nre  del i r?g ,  lire m s  mC?e nf t w o  

boron compounds, te t raborate  and sodium pentaborate, which exhibited no 

difference i n  their  response t o  neutrons. 

compounds appear t o  be l imited t o  pharmacological properties, pentaborate 

The differences between the two 

being the  l e s s  toxic. 

was given 6 t o  30 minutes p r io r  t o  the time of thermal-neutron exposure of 

the  head. 

i n  Table 1. 

response t o  neutron-Boron'' reactions a t  in te rna l  durations equivalent t o  

those used i n  these pat ients .  Therefore, within the time limits used i n  t h i s  

study there  i s  a seeming insensi t ivi ty  t o  f lux variations. 

The inorganic salt i n  an aqueous glucose solution 

2 The in tens i ty  of neutron exposure i s  indicated by I" per cm 

Fable 1 Experimentation on animals has revealed no variation i n  brain 

The longest 
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exposure was  40 minutes, and the shortest, 208 seconds. 

Survival  period of the pat ients  varied considerably (Table i j  . A t  

autopsy, the en t i r e  brain was  removed and care taken tha t  geometrical 

relationships extant during l i f e  were preserved. Geometry i s  of extreme 

importance i n  t h i s  study because of the great dependence of thermal 

neutron dis t r ibut ion patterns on geometry. This i s  la rge ly  due t o  the 

very considerable attenuation of the cloud of thermal neutrons a s  it 

passes through t i ssue  (Fig. 1). 
I .  

The axis  of t r ave l  of the cloud m u s t  

be reasonably well  known i n  order accurateiy t o  ident i fy  regions of 

max imum effect .  

On removal, the brains  were fixed i n  10% neutral  formalin. Small 

blocks were removed from some of the brains, and were embedded i n  paraffin, 

and sections stained by various methods. The whole brain - or  i n  those 

instances i n  which blocks were removed, the remainder of the brain - w a s  

embedded i n  celloidin.  Whole brain sections were cut a t  25 microns 

thickness i n ' t h e  coronal, horizontal o r  s a g i t t a l  plane, then stained and 

mounted on s l ides  f o r  law-power survey. I n  addition, representative 

sections were cut at  7 microns thickness and mounted with th in  cover s l i p s  

f o r  detai led microscopic examination. The following s ta ins  were ut i l ized:  

hematoxylin and eosin, Bielchowsky-Plein cresyl echt violet ,  Loyep alum 
2 

.- 
iron, Weigert I s hematoxylin, and BielFchowsky-Gross s i l ve r  n i t ra te .  

Histological observations were assessed i n  the l i g h t  of t o t a l  neutron 
3 10 

exposure, the pat ients  posit ion a t  the time of exposure, and the Boron 

dose administered. 
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DOSlMETRY 

pic -,-cry Ziffic-At ;rcblem sf dns imet ry  pesent.eil by t8hi s reaction 

system has been discussed a t  some length elsewhere. 5 y 6  From data obtained 

I n  the course of developing neutron-capture therapy a t  Brookhaven National 

Fig. 1 Laboratory the  neutron isoexposure contour pat tern shown i n  Figure 1 w a s  

constructed and has been used i n  our calculations. 

measurements a re  presented i n  Table 1. 

Our basic observation 

I n  each patient,  l oca l  measurements 

were made with gold f o i l s  and gold wires, which were activated by thermal 

oeatrons i n  proportion t o  the i r  nwber. Thus, gold wires could be used 

as detectors t o  give information on the t o t a l  surface exposure t o  thermal 

neutrons and the axis of t rave l  of the cloud of thermal neutrons and i t s  

attenuation i n  passing through given t i s sue  structures.  Ir, an e f fo r t  t o  

ge t  a b e t t e r  integrated dose measure, a more general procedure of measur- 

ing thermal-neutron-capture-induced gamma radiation i n  the exposed region 

was  used i n  two pat ients  by i n  vivo counting. This w a s  not a subst i tute  

f o r  f o i l s  but  w a s  u t i l i zed  i n  addition t o  the f o i l s .  

Tissue equivalent phantoms have been used f r ee ly  i n  order t o  gain 

b e t t e r  insight  i n to  many of the important factors  concerned i n  dosimetry. 

Before, during and a f t e r  these exposures, nmerous measurements, u t i l i z -  

ing  simulated treatment geometries, were made of the gamma-ray 4% thermal- 

neutrowexposure r a t i o  a t  each of  the reactors under operating conditions. 

I n  both reactors under operating conditions the gamma exposure was  small 

i n  re la t ion  t o  other exposures result ing from thermalcneutron reactions. 

I n  general it was l e s s  than 100 r and more than 50 r. 
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D. D. Levine of the Applied Mathematics Division of Brookhaven 

iia-tionai Laboratory cdcuia ted  the isodose contours derived from neutron 

capture by t i s sue  components, as shown i n  Figure 2. In  t h i s  calculation 

the  neutron f lux  ie represented as an exponential f'unctlon of the distance 

from a virtual point source 3 t o  4 centimeters behind the port  and integrated 

by use of se r ies  expansion. The procedure yields a polynominal se r ies  

which can be used f o r  dose calculations of induced radiation of t i s sue  

components. For the rad dose delivered by the alpha pa r t i c l e s  and the 

energetic lithium pa r t i c l e s  derived from disintegration of Boron'' a f t e r  

neutron capture the usual formula may be used f o r  calculation: 

Fig. 2 

$-Ibse i n  rads = NVT x atoms per gram XQI x E x 1.6 x 10 8 gram rad MeV, 
1 .(f 

where * i s  the capture cross section for  $oron and E i s  the energy 

of the reaction corrected f o r  the fract ion which is  absorbed. 

case of t he  palrticles discussed herein a 3 l  of the energy i s  

ab sorbed . 

I n  

This formula reduces t o  a simpler form i n  which 8.67 rads are  l iberated 

f o r  a Boron'' concentration of one microgram per gram of t i s sue  and a 

thermal neutron NVT of 10l2 per square centimeter. I n  context of rads per 

boron atom disintegration the value reduces t o  37.3 x 10 rads. However, 

the  cytological significance of the calculated rad r e su l t  i s  not en t i r e ly  

c lear  because the rad uni t  was not derived fo r  t h i s  type of system. 

present data thus calculated without assigning significance t o  the numbers, 

fo r  i n  the  case of alpha pa r t i c l e s  randomly generated, with pathways 

approximately a c e l l  radius or a c e l l  diameter, we have observed wide 

-8 

We 

d i spa r i t i e s  i n  observed t i s sue  effects  as compared with those predicted 



e 
from the above formulation or  those calculated on the bas i s  used by 

m e r . ?  This has l ed  us t o  be cautious i n  the expression of dosage 

uni ts .  I n  the present report, values for  each term i n  the above equation 

w e  proviaad under conditionrs of actwd. n?sasmem@nl. 

calculated by the reader, and, i f  he desires, he can use h i s  own formulation. 

Since the purpose of t h i s  paper can well be served by re la t ive  in tens i ty  

comparisons, t h i s  method of expressing dosage uni t s  has been adopted, 

although a maximum probable l iklihood effect  concept has been u t i l i zed  

f o r  examplar purposes. When the mechanism of energy t ransfer  of reactions 

between heavy pa r t i c l e  and c e l l  components a t  the region of maximum energy 

release i s  more f u l l y  understood, we sha l l  be able t o  draw sounder com- 

parisons of proton, alpha and energetic heavy pa r t i c l e  effects .  

Under conditions of our studies i n  experimental animals, a rad 

The dsaage, enn bo 

index of 130, which could mean a rad dosage no greater than 130, has 

been found under very specif ic  conditions t o  be capable of provoking a 

uniform cytocidal reaction i n  our t e s t  neoplasms and i n  skin i n  exgeri- 

mental animals and man. With the same NVT and boron concentration and 

under these same conditions, t h i s  value would correspond t o  an alpha 

p a r t i c l e  dosage index of 15. 

would occur per cell.. 

10 This means tha t  1 5  Boron disintegrations 

With this index, cytocidal e f fec ts  can be provoked 

effect  i n  experimental animals alluded t o  has been observed not only 

i n  skin but a l so  i n  cornea, conjunctiva, l iver ,  kidney and i n  transplantable 

neoplasms of mice and spontaneous osteogenic sarcoma i n  dogs. No changes 

were seen i n  blood vessels i n  these t issues or i n  m s c l e  c e l l s  o r  i n  com- 

ponents of the brain.  
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The marked discrepancy between our observed minimum cytocidal 

e f fec t  r'oiiowing a rad dose calculated t o  be of the order of ij0 rads 

and t h a t  fo r  the production of cytological damage by alpha pa r t i c l e s  

delivered by a cyclotron to the fn tae t  a n i m a l  - a.moun%ing to at least 

3,000 rads - i s  noted, but no explanation will be attempted i n  th i s  report. 

O u r  rad Or alpha pa r t i c l e  h x k k  appea,r@' t o  be meaningW quant i ta t ively 
I .  

&w d V"< 9,L-G 9 

on ly  under the conditions described. 

RESULTS 

I n  v i r tua l ly  all. the patients,  a bone f lap  had been turned, and 

A biopsy taken from the tumor region i n  order t o  establish diagnosis. 

var ie ty  of pathological changes had occurred i n  the meninges and brain 

substance i n  the region of the biopsy or lobectomy s i t e .  I n  occasional 

cases, l oca l  infection had intervened and had been controlled through the  

use of an t ib io t ics .  The infect ive process had added t o  the pathological 

changes tha t  had been incurred. 

sizeable f a sc i a l  transplant 'had been placed over the meninges i n  the 

region i n  which a bone f lap had been turned, a large wedge of t i s sue  

extending down t o  the-region of the  globus pall idus w a s  massively necrotic. 

The necrosis w a s  regarded as due t o  circulatory de f i c i t  brought about 

i n  some unknown manner by the transplant. 

changes observed were no different  from those observed i n  the average 

run of 

could not be at t r ibuted t o  the neutron-capture procedure. 

I n  2 cases (Cases 7 and l9), i n  which a 

Since the many pathological 

1 

control brain-tumor case5,lollowing Srain decompression, they 
I 

I n  order t o  determine whether the neutron-capture-induced alpha 
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par t i c l e  radiation had had any effect  on normal brain elements, we sought 

out, from the s e r i a l  sections, areas of the cortex w h i c h  were q p r e n t l y  

unaffected by the  operative procedure but which had been eqosed  t o  the 

f u l l  in tens i ty  of thermal neutron5- Such s i t e s  were found i n  most 

of the brains.  Especial attention was given those cases i n  which calculated 

rad dosage t o  the  brain was highest (Cases 1-6) . 

1 

- - Realizing tha t  nerve ce l l s  can vanish without inducing any loca l  

glial response, we checked sections with the naked eye and under low 

magnification i n  an effor t  t o  determine whether cor t ica l  atrophy had 

occurred. 

corresponding co r t i ca l  areas on the opposite, non-irradiated, s ide of the 

brain.  The cortex i n  some of the brains, as tha t  i n  Case 11, did show 

slight a s t rog l i a l  activation i n  the molecular layer  and some reduction 

i n  the number of nerve ce l l s ,  but since the reduction w a s  generalized 

throughout the  en t i re  width of the cortex, and did not conform t o  isoflux 

areas, it w a s  a t t r ibu ted  t o  some complicating factor, not t o  the alpha- 

p a r t i c l e  radiation. In  the cortex of other brains the cor t ica l  laminae 

No such atrophy was observed when comparison w a s  made with 

appeared t o  be fully populated with nerve ce l l s .  Here and there  i n  some 

of the brains, foci  of activated astrogl ia  were present i n  re la t ive ly  

i n t a c t  cortex. 

i n  edematous cortex. 

These foci  were no different than those commonly observed 

I n  short, no evidence could be found, i n  18 of the 20 cases, of 

nerve c e l l  damage or  l o s s  that  could be a t t r ibu ted  t o  the neutron-capture 

reaction. 

. One of the 'remaining cases (Case 1) might be an exception t o  the 

I n  t h i s  case the brain had been exposed t o  the highest rad dose. ' rule .  



The l e f t  fronto-temporal region had been exposed t o  the neutrons. Brain 

examination of brain sections, meningeal round-cell sarcoma was found t o  

be wfdeaprewi. X t  fsmea R relatively tkfek l a y e r  sf tumor tiasuc d o n g  

the convex surface of the cerebrum and i n  the region of the cerebellum, 

but was  thickest  at  the base of frontal  lobes a t  the l eve l  of the opt ic  

chiasm. Exceedingly scanty tumor W Z - ~  h~wevcc] present i n  the i r radiated 

area as compared with tha t  p x s x r L  on the opposite side of the brain. 

Presumably, much of the  tumor pr-qsmrt i n  t h i s  region has been destroyed 

i n  the Course of the neutron-capture therapy. 

was  grossly necrotic i n  an area corresponding& the outer isoflux zone, 

Underlying brain t i s sue  
w - a  

but because of the  occurrence of the fungus, no conclusion could be 

reached as t o  whether the radiation had contributed t o  the development 

of  the  necrosis. 

The f i n a l  case (Case 2), of cerebellar sarcoma which was,  f o r  the 

most par t ,  eradicated i n  the neutron-capture irradiation, has been reported 

The cerebellar t i s sue  was severely 8, 9, 10 on i n  d e t a i l  elsewhere. 

damaged, but any one or  more of several factors  besides Wneut ron-capture  

i r radiat ion,  such as pressure exerted by the neoplasm (which was massive) 

and p r io r  X-irradiation, could have been responsible. Four neutron-capture 

treatments had been given, with striking c l in i ca l  improvement a f t e r  the 

f irst  two, and l e s s  Improvement a f t e r  the other two. 

- ~ .  - _ _ _  

DISCUSSION 

When the first of the 20 patients was given neutron-capture therapy, 

we had not as yet obtained conclusive evidence t h a t  the  procedure could 



. .  

12 
A 

' be cytocid#ally effective i n  man. Nor were we cer ta in  of the dose of 
r/ /L- 

Foron salts that  would be optimal, nor the t o t a l  neutron exposure r.eq-&i;d. 

From extensive studies i n  experimental animals it was, however, ascertained 

exposure and boron dosage f o r  cytocidal e f fec ts  as man when allowances 

were made f o r  marked differences i n  geometry. 

The 20 pa t ien ts  i n  the present series,  when evaluated.in t h i s  

l ight,  consti tutes a group i n  which exgosure w a s  usual1ywell : in  excess 
, _.-- -... '. of tha t  required f o r  the production of cytocidal e f fec ts  i n $ m o r  of 

mice and i n  skin and scalp of man (radiation dermatitis..of the scalp 

occurred i n  7 of the pa t t en t s  i n  the present series),  +in of pigs, 
._ _. -// 

Qogs and rabbi ts ,  ,Because of the marked l a t e r a l  attenuation of neutron 

'. 
1 

--- 
..,.. .-.-...--,. .-... .. -. 

AtA j- 
.... -. .-.----. - . ' ' 

-----~.--".-"-..-.- _.. ,... " 
in tens i ty  as well  as distal diminution, each observation could be doubly 

controlled. 
&%-a4 

Available t o  us as an aid i n  OUT i n t e r p r e t a t i o n s H a n  

extensive study of 50 pat ien ts  i n  which, f o r  comparison purposes, an 

e f fo r t  w a s  made t o  determine the effects of neoplasm growth and therapy 

and the  combination of surgery, X-ray and neoplasm upon normal s t ructures  

of the  brain i n  order t h a t  the contributions of each of these several 

fac tors  might be ident i f ied  with specific cytological a l terat ions.  In  

the  same fashion, we have u t i l i zed  information i n  extensive animal s tudies  

as background i n  estimating the cytological dis t r ibut ion of the Boron 10 

salts i n  normal brain 's t ructures .  While, because of paucity of data, 

we cannot i n  every instance i n  t h i s  ser ies  of pat ients  establish exact 

Boron'' concentration, the high conformity seen between data i n  animals 

and i n  man as well  as well as from animal t o  animal and pat ient  t o  patienz 



gives assurance tha t  dosage calculation based upon the  estimations of 

tissze cmcent.rat.ions b S 3  val idi ty .  
-it &Q- 

It should be noted here tinat u ~ i e  of 

the or iginal  assumptions made fo r  neutron-capture therapy w a s  t ha t  tumors 

have the  capacity t o  "seekt' t a rge t  elements and that both efficiency 

and safety of the therapy are  dependent upon a high tumor:bnormal brain 

t i s sue  r a t io .  Many hundreds of observations i n  animals have s h m  t h i s  

assumptibn t o  be erroneous both i n  regard t o  behavior of the inorganic 

P 

boron salts used and i n  regard t o  the necessity t h a t  a high r a t i o  be 

cjbtained i n  order t h a t  therapy be sa fe  and effect ive.  O u r  observations 

P indicated tha t  the brain t issue: c/ tumor r a t i o  of boron salt concentration 

usually approximated a value of one t o  two. These data a re  presently 

being assembled f o r  publication, a t  which time a radical ly  different  

assumption f o r  the mechanism of the reaction between Boron'', thermal 

neutrons and ce l l s  can be expected. The de ta i l s  a r e  not  germane t o  the  

observations interpreted fo r  t h i s  report. 

_ _  . - -  On the other ha.nd,we are  v i t a l ly  concerned with the  t ransfer  of 

boron from blood t o  normal brain t issue.  Data obtained upon several of 

our pa t ien ts  from whom biopsy material w a s  available, indicate tha t  a t  

the  time of exposure of these patients the concentration i n  the normal 

t i s s u e  of the brain averaged, over the exposure period, a value approximately 

equal t o  the dose given i n  me; per kilo. 

exposure calculations i n  Table 1 are  based. 

It i s  upon t h i s  value tha t  the 

Observations (as yet un- 

published) made with chromium-labelled blood have conclusively demonstrated 

that t o  account f o r  over 90% of analyzed t i s sue  boron an in t race l lu la r  

d i s t r ibu t ion  i s  demanded. Of the  t issues &died, i .e . ,  brain, l iver ,  
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0 
muscle/ and tumor, only i n  muscle was  a larger  extra ce l lu la r  component 

I .I 

. found. 

The data herein reported indicate tha t  i n  these patients,  within 

the limits of the dosage administered, an eqosure  t o  randomly generated 
10 t\ 
: thermal neutron capture did not, alpha pa r t i c l e s  resul t ing from Boron 
Y 

except possibly i n  Cases 1 and 2, r e su l t  i n  any perceptible a l te ra t ion  

i n  n e n e  ce l l s  or i n  other ce l l s .  

the capi l lary bed sustaining the  brain parenchyma. 

Nor were any a l te ra t ions  observed i n  

The rad index provided i n  t h i s  paper suggests that the radiation 
, [% (. 6 7 )  '< 

exposure i s  low when comparison i s  made with alpha pa r t i c l e  h ,  ex- 

posures of the brain from external sowces. 

Loevinger, Kruger and Rose'' were able t o  obtain a discrete  les ion i n  

Using a cyclotron, Malis, 

the cerebral  cortex of ca t s  with a radiation dose estimated t o  be about 

5000 rads at  the peak of the Bragg curve. > 
Lawrence, Tobias, Born, Wang and Linfott12 reported that  a dose of 

In  using alpha pa r t i c l e  beams, 

2500 rads w a s  effect ive i n  reducing the s ize  of a malignant tumor. > 
they gave a larger  dose ranging from 5,000 t o  8,000 rads. 

Usually 

When other 

high-energy particles,. such as  deuterons or protons were used, a minimal 

dose of 5,000 rads was  required t o  .obtain an effect .  

extirpation, single doses of 30,000 rads were necessary. Zeman, Curtis, 

Gebhard and Haymaker,13 using a 25 p beam of protons, concluded tha t  the 

nerve c e l l s  and glia ce l l s  suffered morphological changes before vascular 

damage was evident. Jansen, Klatzo, Miquel, Brustad, Behar, Lyman, 

Tobias and Haymaker carried out a time-dose study on the  brains  of 

For p i tu i t a ry  

14 

rats through the use of alpha par t ic les  (12 MeV per nucleon and a brain 



surface dose of 6,000 rads, corresponding t o  an estimated Bragg-peak 

was  observed was 7,500 rad, and then only after a l a t en t  period of 7 

months. 

ceded vascular permeability changes. 

s%t&bed similarly i r radiated brains ckT??:XC;:?a5& observed tha t  myelin w a s  

highly radiovulnerable. Lippincott, Calvo, Baker, Jesseph, Jansen and 

Farrl' found some increase i n  the number of giant ce l l s  i n  tumor trans- 

A t  higher peak doses, nerve cell and g l i a l  damage short ly  pre- 

Estable-Puig, Tobias and Haymaker, 15 ' 

w* 
A J 

plants  eqosed  t o  a beam of 20 MeV deuterons a t  doses of 2,500 rads and 

up t o  10,000 rads, but not a t  2,000 rads or  l e s s .  Barendsen, Walter, 

Fowler and B e ~ l e 9 ~  have reported high death ra tes  i n  human kidney c e l l s  

i n  t i s sue  culture given single exposures t o  approximately 244 rads with 

cyclotron-generated alpha pa r t i c l e s  having an energy of 8.3 MeV. This 

value, it should be noted, i s  compatible with the rad dose exposure 

i n  our pat ients .  A t  t h i s  dosage, we have found, c e l l  death occurs i n  

tumors i r rad ia ted  by our system of alpha-particle generation. A very 

recent review of biological effects  of  pa r t i c l e  radiation w i l l  be found 

i n  the paper of Lippincotts e t  al .  18 With an 11-microcurie dose of 
211 

Astatine delivering an alpha par t ic le  dose of 35,000 rad t o  the thyroid 

gland, Lippincott, SheUaburger and Basson19 demonstrated t h a t  the  gland 
2 *,p-i .  $" 

w a s  almost completely annihilated. They did not-use Smaller doses. 

Using as a measure the accumulation o f  godine by the thyroid gland, 

Basson and Shellaburger" found the alpha pa r t i c l e  of AstatineW t o  have 

b 

an B E  of 2.8. 

From the  summation of experiences it i s  clear  t h a t  alpha pa r t i c l e  
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doses of thousands of rads may be required t o  produce ce l lu la r  changes 

when the  radiation comes from an external source, However, i n  the t i s sue  

culture study already alluded to, Barendsen e t  d.17 showed tha t  exposure 

t o  l o w  hundreds of rads mgy have defini te  cytocidal effects .  This is i n  

agreement with our r e su l t  i n  experimental animals. However, no cytological 

damage a t t r ibu tab le  t o  alpha-particle radiation was  observed i n  18 of the 

20 human brains.  These data strongly indicate that ,  under the conditions 
- - -  - _ _ _  

described, randomly generated alpha par t ic les  i n  number suff ic ient  t o  

provoke cytocidal e f fec ts  i n  skin and i n  tumors produce& no evident 

changes i n  nerve c e l l s  or i n  supporting elements. 

2 cases,alpha-particle radiation did, actually, destroy normal c e l l s  cannot 

be said. 

the t o t a l  dose of 4 x 

Whether i n  the other 

I n  one (Case 1) there were 92 disintegrations per  ce l l ,  with 

rads per c e l l  (37 x rads per disinte- 
/ 

gration), and i n  the other case (Case 2) the accumulated dose 

was much higher. 

SUMMARY 

D a t a  a r e  presented i n  a study of 20 pa t ien ts  subjected t o  neutron- 

Within the limits of exposure capture therapy fo r  intracranialneoplasm. 

used, no e f fec t  was observed i n  nerve cel ls ,  g l i a l  ce l l s  or  i n  vessels 

t h a t  could be at t r ibuted t o  the interaction of thermal neutrons and Boron 10 

under conditions capable, i n  these patients, of generating a marked 

cytocidal e f fec t  i n  both tumor and skin. Two possible exceptions t o  

t h i s  r u l e  a re  c i ted  i n  the tex t .  

The data strongly suggest tha t  nerve c e l l s  and supporting s t ructures  

have a considerable toleranace for  randomly generated alpha par t ic les .  A 



4 higher exposure than we a t ta ined appears t o  be requis i te  t o  e l i c i t  

cytological changes, but this conclusion requires additional pa t ien t  

observation and animal studies f o r  further documentation. 
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.-. 
* I . Q .  i. Attenuation of thermai-neutron cioud i n  passing Vnrough 

c r a n i a  and intracranial. tissues. The curves a re  derived from data 

obtained i n  atuay of patlenks gfven ncukron- capture therapy. 

Fig. 2. (Legend is  on the figure.) 
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